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Featured Application: Energy impacts and material resources used in the operation phase of
a building should be considered to obtain more precise energy certifications than the current
practical and regulatory schemes.
Abstract: Recent studies have identified that buildings all over the world are great contributors to
energy consumption and greenhouse gas emissions. The relationship between the building industry
and environmental pollution is continuously discussed. The building industry includes many phases:
extraction of raw materials, manufacturing, construction, use, and demolition. Each phase consumes
a large amount of energy, and subsequent emissions are released. The life cycle energy assessment
(LCEA) is a simplified version of the life cycle assessment (LCA) that focuses only on the evaluation
of energy inputs for different phases of the life cycle. Operational energy is the energy required
for day-to-day operation processes of buildings, such as heating, cooling and ventilation systems,
lighting, as well as appliances. This use phase accounts for the largest portion of energy consumption
of the life cycle of conventional buildings. In addition, energy performance certification of buildings
is an obligation under current European legislation, which promotes efficient energy use, so it is
necessary to ensure that the energy performance of the building is upgraded to meet minimum
requirements. For this purpose, this work proposes the consideration of the energy impacts and
material resources used in the operation phase of a building to calculate the contribution of these
energy impacts as new variables for the energy performance certification. The application of this
new approach to the evaluation of university buildings has been selected as a case study. From a
methodological point of view, the approach relied on the energy consumption records obtained from
energy and materials audit exercises with the aid of LCA databases. Taking into practice the proposed
methodology, the primary energy impact and the related emissions were assessed to simplify the
decision-making process for the energy certification of buildings. From the results obtained, it was
concluded that the consumption of water and other consumable items (paper) are important from
energy and environmental perspectives.
Keywords: life cycle assessment (LCA); buildings; energy consumption; energy certification;
energy impacts
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1. Introduction
The increasing awareness about the environmental impacts caused by energy production and
consumption has focused attention on energy-intensive processes. The building industry is a critical
sector for the economic and social development of cities because of the services provided but causes
important environmental impacts since it is energy-intensive [1,2]. Buildings require large amounts of
resources and energy, and significant emissions and wastes are generated. In Europe, the construction
of buildings accounts for 36% and 40% of the CO2 emissions and energy consumption, respectively [3].
Buildings consume energy throughout their complete life, from construction to demolition. These
environmental impacts include mining, materials manufacturing, construction, use, and demolition
phases. During the operational phase, characterized by the specific provision of services, general
heating and cooling demands, as well as the required maintenance, the energy demand of a building is
both direct and indirect. The indirect consumption of energy can be attributable to the production of
the materials used in this operational phase [4].
Nevertheless, specific requirements for a building’s total energy and resource consumption over
its lifetime must be implemented [5]. In this context, the Energy Performance Buildings Directive
launched by the European Commission [6] aimed to provide a common strategy to implement actions
for improving the energy efficiency of buildings and giving energy transparency by means of Energy
Performance Certificates (EPCs) [7]. This directive introduced the concept of nearly Zero Energy
Building (nZEB) target and requires all new buildings to be nZEB by the end of 2020 with most of
the energy required coming from renewable sources [8]. The Spanish legislation is aligned with the
European policies by means of the Royal Decree 235/2013 [9], which establishes the commitment to
present an EPC to building users. This Royal Decree helps to inform about CO2 equivalent emissions
caused by the use of energy, facilitating the implementation of measures to reduce these emissions
and improve energy efficiency. However, although the EPC is mandatory in Spain, it is almost never
calculated at the time of the pre-sale of a property, but only after the notarial deed. In fact, EPC is
mandatory for new buildings or when selling or renting for the owners. But, a certain level of flexibility
in reaching these goals is tolerated [10]. In this sense, the proposed methodology could define a new
environmental performance metric useful for encouraging and promoting sustainability.
Various green rating systems have been established globally to evaluate the sustainability
of construction projects [11]. Specifically, LEED (Leadership in Energy and Environmental
Design), BREEAM (Building Research Establishment Assessment Method), CASBEE (Comprehensive
Assessment System for Building Environmental Efficiency), and Green Star NZ (New Zealand Green
Building Council) are examples of green building rating systems. They have as commonality the
environment as the key factor on which all of the rating systems focus (more than 75% of total
sub-categories in any eating system). However, they can hardly be translated into tools for energy
certification, and furthermore, they do not include a truly holistic approach during the use stage, which
makes it difficult to know where the energy and environmental impact occurs and act on it. Specifically,
in the context of university’s institutions, the Global University Rankings (GURs), or the Universitas
Indonesia (UI) GreenMetric aim to measure the performance of universities worldwide [12]. In both
cases, the environmental variable has not been included to promote sustainability on campus and
contribute to energy saving and mitigate climate change.
Many works have evaluated the environmental impacts of buildings, their constituent materials,
components, and systems to identify any opportunities to reduce their environmental impacts. Life
cycle assessment (LCA), life cycle energy assessment (LCEA), and life cycle carbon emissions assessment
(LCCO2A) assess the environmental impacts and resources and energy consumption associated with
the building industry [13]. Some factors contribute to discrepancies in results between different types
of life cycle studies. Among then, the types of resource input and environmental loadings considered
and the types of energy in focus (primary vs. secondary) are issues that must be taken into account to
establish a common, simplified, and comprehensive tool that enables the decision-making process. LCA
considers the entire life cycle of a building in terms of energy and materials used and, consequently,
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a high number of LCA studies have been carried out to evaluate the environmental impacts due to
the construction sector. Asif et al. [14] assessed the use of energy and environmental impact in the
production of five construction materials: wood, aluminum, glass, concrete, and ceramics. Wu et al. [15]
analyzed the environmental impact of different types of concrete and steel used in the construction
industry in China. Ortiz et al. [16] developed a review of LCA applied within the building sector from
2000 to 2007. Cuellar-Franca and Azapagic [17] used the LCA to assess three types of houses in the
United Kingdom (UK): detached, semi-detached, and terraced, including all life cycle stages from
house construction, use and to demolition after 50 years. From an energy point of view, Srinivasan et
al. [18] applied two existing LCA tools—an economic input-output-based model and a process-based
model—to estimate life cycle energy use in an example building. In addition, several reviews have been
developed since 2015. Lotteau and colleagues reviewed LCA studies at the neighborhood scale [19],
whereas Yarramsetty et al. [20] reviewed various LCA tools applicable to the building sector according
to their functionality and different service life prediction models were also reviewed. Dossche et al. [21]
also analyzed specific LCA building literature cases and different standards and frameworks. For
instance, the comparison of four studies for structural concrete. Finally, Nwodo and Anumba [22]
focused on major challenges in building LCA, ongoing studies, and potential solutions to resolve
identified issues. ACV was also applied to assess the environmental impact of construction and
demolition of buildings. Citherlet and Defaux [23] assessed three types of houses in Switzerland,
considering direct impacts (use phase) and indirect impacts (material extraction, construction, and
demolition).
In this context, this study aims to go beyond the evaluation of the total energy impacts of the
consumption of a building needed for EPCs. This research was conducted to propose a new evaluation
system that could define a new energy/environmental performance metric from a holistic point of view.
This evaluation model intends to be useful for encouraging and promoting environmental sustainability,
taking into account a life cycle thinking approach. Therefore, in addition to the consumption of the
electric and heating systems (direct energy), which are generally considered in this type of studies,
this work also proposes the consideration of the energy impacts associated with the consumption of
other material resources demanded during the operational phase of the building (indirect energy),
i.e., the energy used in the production of water consumed. To calculate the contribution of this
indirect energy impact as new variables for the energy performance certification, different buildings
of university campuses were chosen as a case study. In particular, the buildings of the campuses of
Universidad of Cantabria in 2015 were chosen because they present the same function during their
use stage (education). However, the energy requirements depend on the type of academic degrees
and the activities developed in each building. Apart from that, all buildings have the same function
and functional unit, which represents a key issue for the proposed methodology based on life cycle
assessment. The analysis of different buildings with the same function allows the validation of the
proposed methodology and its comparability from a methodology point of view. The selection of these
buildings implies the consideration of water and paper consumption as relevant contributors to their
energy performance.
2. Materials and Methods
The LCA technique was applied according to the recommendations provided by the ISO 14040 and
14044 standards [24,25]. This normalized methodology assures the correct analysis of the environmental
impacts generated throughout the life cycle of a process or product, offering results both in the use of
resources and emissions to the environment. As indicated by the standards, this LCA study included
the definition of goal and scope, life cycle inventory (LCI) analysis, life cycle impact assessment (LCIA),
and interpretation of the results (see Figure 1).
First, the goal and scope definition collected a detailed specification of the system to be investigated
and defined the intended application of the study in terms of the system function, functional unit (FU),
and system boundaries. In addition, assumptions and hypotheses were also detailed. In the LCI stage,
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all relevant inputs and outputs for the system in a specific year were gathered [26]. This step is often
the most work-and time-consuming step in LCA studies [27]. The LCIA step quantified the potential
for resource consumption and environmental impact over all stages involved in the supply chain [26].
In this case, the impact categories considered were the consumption of primary energy (PE), which is
composed of the consumption of direct energy (electricity) and indirect energy (the energy employed
in the production of raw materials and outputs management). Finally, the interpretation step allows
the identification of the main hotspots of the system under study to be able to propose improvement
measures that could be analyzed using the same methodology. In this paper, the application and
analysis of improvement measures were not developed.Appl. Sci. 2020, 10, x FOR PEER REVIEW 4 of 17 
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2.1. Goal and Scope
The objective of the work was the development of a new methodology for the energy certification
of buildings based on LCA, where in addition to the consideration of the energy impacts of electricity
and natural gas (heating systems) consu ption, other sources were also taken into account to deter ine
indirect energy consumptions, which can make a significant contribution to the global consumption.
For this purpose, the energy impacts associated with the water and material resources used in the
operation phase of the building were included in the calculation of the contribution of these impacts as
new variables for energy efficiency certification. The LCA-based developed methodology allowed
for the calculation of the consumed primary energy and the corresponding emissions during the use
phase of buildings, which can be employed as new variables to simplify the decision-making process
for energy certification. The implemented case study was applied to the determination of the energy
consumption and generated emissions of the buildings of the campuses of the University of Cantabria
in 2015. To carry out this analysis, an inventory was developed according to the energy consumption
records obtained from energy exercises and audit matters. The scope of the study focused on the
use phase since this phas represents the most relevant environmental impacts of a building, with
contributions betwee 70 and 90% of the total life cycle impacts [28].
2.2. Function and Functional Unit
The function represents the performanc characteristic of the pro uct, proc ss, or service system.
For instance, the generic final fu ction of the system u der study is the provision of usable space of
the build ngs fit for use over 50 years and prot cti n during that period of the users and objects from
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harmful external factors [29]. In this case, the final function of the system is the provision of usable
space for education and related activities (administration, laboratories, offices, etc.). To quantify this
function, it is necessary to define a functional unit (FU), in which all the inputs and outputs will be
referred. The FU should reflect this function allowing the comparison in the life cycle inventory and be
comparable to those of other systems serving the same function.
A high variety of FUs was defined in LCA buildings [4]. Most of them were based on the floor
area or the area of other relevant building elements, such as roof, and, in the case of the residential
building, the entire house was frequently selected [1]. Another approach considered the total weight
of the materials employed, which may ignore the impacts of the building as a whole element or other
functions provided by the building [30]. This negative effect can be even enhanced when only particular
building materials are considered, since they may not be representative of the impacts of the building.
Consequently, the selection of the FU can be a critical aspect when assessing the energy consumption
and related emissions in the context of different building circumstances. While the selection of 1 m2 of
floor as the FU is the most frequent decision [31], this point of view does not take into account the
number of users of the space [32]. Under these premises, this work decided the normalization of the
data by choosing as an FU 1 m2 per person, to get equivalent results in all buildings.
2.3. System Boundaries
Within the life cycle of buildings, three phases can be easily identified, which correspond to that
of construction, use, and end of life, which can be observed in Figure 1. The construction (Cradle
to Gate) stage covers material extraction, manufacturing, and construction; the Gate to Gate stage
corresponds to the use stage, and the Gate to Grave stage includes demolition and waste management
tasks. The standard established in [33] states that the use phase extends from the end of construction
work until the building is about to be demolished. In this study, only the use stage (Gate to Gate stage)
was considered.
On the one hand, the input flows taken into account included the ones traditionally considered in
energy certifications, such as electricity (MJ) and natural gas (kg), and the new consumptions proposed
included in this study, which were water (kg) and consumables (kg) (Figure 2). The consumption of
paper was considered the most relevant consumable due to the high volume of paper used in higher
education and research institutions, such as universities.
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On the other hand, the output flows considered the treatment of wastewater (m3) and paper waste
(kg). The correct management of wastewater and waste paper is essential to improve the sustainability
of public buildings and reduce environmental impacts. This perspective justified the reasons why the
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impact of the treatment in the corresponding wastewater treatment plants and paper recycling plants
should be taken into consideration for the energy certification of a building on a university campus.
2.4. Life Cycle Impact Categories
The categories of energy consumption and environmental impact employed in this work were
developed by the Centre for Environmental Science at Leiden University (CML 2001 Method) [34,35]
and updated in April 2015: use of primary energy (PE) and global warming potential (GWP). PE is
defined as the consumption of direct and indirect energy; that is, the energy used directly in the system
and the energy required in the raw material production and outputs management. PE is determined
according to Equation (1):
PE = ed + ei (1)
where ed is the direct energy consumption and ei represents the indirect energy consumption. ed and ei









where k represents electricity or other energy sources, n presents the rest of inputs used in the system,
q is the energy equivalent measured in MJ per unit of input flow, and h is the activity whose units
depend on the input flow.
Regarding GWP, this indicator is defined following Equation (4), where i represents the substances
that contribute to the GWP, m is the weight of substance i emitted (kg/FU), and EF is the emissions





The largest source of greenhouse gas emissions from human activities is from burning fossil fuels
for electricity, heat, and transportation. Public concern about climate change is a hot topic nowadays,
and this environmental impact is directly measured through GWP. The largest source of greenhouse
gas emissions from human activities is from burning fossil fuels for electricity, heat, and transportation.
On the one hand, the PE category, expressed in MJ, accounted for the total consumption of both
renewable and non-renewable energy sources. On the other hand, the GWP category, expressed in kg
CO2 eq., represented the harmful chemicals emitted into the atmosphere that are responsible for the
greenhouse effect: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SF6).
2.5. System Description and the Life Cycle Inventory
Universidad de Cantabria is a public university located in Cantabria, a northern region of Spain,
with the main campuses in the cities of Santander and Torrelavega. It is one of the three universities
that has been in the Top 10 list of the main Spanish rankings both in education as well as in research
quality. Most of the campus is set in the low-lying area of Las Llamas in Santander, an open space that
separates the northern side of the city from the rural areas along the coast. Green spaces and sports
areas have been planned for this area. The rest of the campus is located in other parts of the city and
Torrelavega, an urban center 20 kilometers away by motorway. The university offers a wide range of
official degrees within graduate, postgraduate, and doctorate programs. Since its creation in 1972, it
has provided university education for more than 40,000 students. It is organized in 15 schools and
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colleges. Table 1 shows the more important buildings of the university, with the corresponding areas
and number of users that are serviced in each building during an academic year.
Table 1. Main characteristics of the buildings on the campuses.
Building Area (m2) Users
School of Civil Engineering (Civil) 20,461 770
Faculty of Sciences (Sciences) 14,717 770
Faculty of Law and Economics (Law) 43,236 2968
School of Industrial Engineering (Industrial) 21,000 1751
Interdisciplinary building (Inter) 19,883 2204
Faculty of Medicine (Medicine) 25,141 954
School of Mines Engineering (Mines) 10,200 316
The data required to complete the inventories of this study can be divided into two categories.
On the one hand, the primary data were obtained directly from the official energy and materials audits
of the university [36]. These data included the total consumption of electricity, natural gas, and water,
and the amount of paper transferred to recycling for each building. On the other hand, secondary data
related to the production and recycling of paper, the treatment of wastewater in the corresponding
treatment plant, the provision of natural gas, and the Spanish electricity mix (2014) were obtained from
the Ecoinvent and PE databases [37,38]. Table 2 compiles the material flows of the Civil Engineering
building throughout the year 2015, which was selected as an example, while the flows of the rest of the
buildings can be found in the Supplementary Material (Tables S1–S6).
The software employed to perform the LCA was Gabi 9.0 (Sphera Solutions GmbH,
Leinfelden-Echterdingen, Germany) [39]. GaBi 9.0 has a powerful LCA engine to complement
the development of processes and products that fulfill environmental regulations and promote
the reduction of materials, efficient energy, and resource use with lower environmental footprints
(emissions, water consumption, waste production . . . ), which can result in cost reduction and enhanced
social responsibilities. This software provides a large, easily accessible, and continuously updated
database that details the energy costs and environmental impacts of raw materials, from its extraction to
its processing, analyzes the impact on the environment, and presents alternatives for improved design,
manufacturing, or distribution. In this work, the GaBi software was applied to LCA of buildings
to improve their energy certifications. With the use of this type of software, a closer approach to a
sustainable building can be proposed, considering it can be built and managed economically while
taking care of the environment and preservation of resources, and contributions to the protection of
human health and social and cultural values.
Appl. Sci. 2020, 10, 7123 8 of 16
Table 2. Life cycle inventory of the Civil Engineering building.
Inputs JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Electricity (MJ/m2·person) 2.00 × 10−2 3.68 × 10−2 3.78 × 10−2 2.22 × 10−2 1.98 × 10−2 1.98 × 10−2 2.10 × 10−2 1.80 × 10−2 2.04 × 10−2 2.27 × 10−2 2.55 × 10−2 2.15 × 10−2
Natural gas (kg/m2·person) 9.79 × 10−4 9.52 × 10−4 1.17 × 10−3 1.94 × 10−4 1.16 × 10−5 1.17 × 10−5 1.10 × 10−5 1.08 × 10−5 8.94 × 10−6 4.05 × 10−5 3.04 × 10−4 5.27 × 10−4
Water (kg/m2·person) 4.34 × 10−2 3.93 × 10−2 3.40 × 10−2 1.40 × 10−2 2.96 × 10−2 3.10 × 10−2 2.41 × 10−2 1.57 × 10−2 1.97 × 10−2 1.95 × 10−2 2.18 × 10−2 4.06 × 10−2
Paper (kg/m2·person) 6.52 × 10−6 1.07 × 10−5 8.19 × 10−6 1.09 × 10−5 1.28 × 10−5 6.58 × 10−6 6.93 × 10−6 5.31 × 10−6 8.85 × 10−6 9.21 × 10−6 9.31 × 10−6 7.38 × 10−6
Outputs
Wastewater (kg/m2·person) 4.34 × 10−2 3.93 × 10−2 3.40 × 10−2 1.40 × 10−2 2.96 × 10−2 3.10 × 10−2 2.41 × 10−2 1.57 × 10−2 1.97 × 10−2 1.95 × 10−2 2.18 × 10−2 4.06 × 10−2
Waste paper (kg/m2·person) 6.52 × 10−6 1.07 × 10−5 8.19 × 10−6 1.09 × 10−5 1.28 × 10−5 6.58 × 10−6 6.93 × 10−6 5.31 × 10−6 8.85 × 10−6 9.21 × 10−6 9.31 × 10−6 7.38 × 10−6
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2.6. Assumptions, Limitations, and Hypotheses
The number of users of each building was based on the number of students enrolled in the
courses offered in each building during the 2014–2015 academic period, and an extra 10% was added to
consider other users, such as academic staff, researchers or administration, and services personnel [36].
The data regarding consumption and treatment of both water and paper were limited because a
university (in this case Universidad de Cantabria) is a vast institution, with several collectives and
multiple internal organizations units (faculties, departments, research groups...). Therefore, due to the
technical difficulties in collecting exact data, different hypotheses were assumed. On the one hand,
in the case of the water inventory, data corresponded to the water consumption in each building
registered by the university. As the percentages of consumed water sent to the treatment plant and
water losses corresponding to said consumption could not be established, the total water consumed
was considered treated, without any loss. The consumption of water was not constant throughout the
year but depended on each building and the teaching and holiday periods. In addition, during the
teaching period, the consumption of water was variable due to its use in laboratories and research
activities. On the other hand, similarly, in the case of the paper inventory, the data corresponded to the
quantities of recycled paper collected by the responsible service contracted by the university. Since the
exact amounts of paper consumed in each building were impossible to establish with precision, all the
paper consumed was considered to be recovered and sent to recycling. In addition, the consumption of
paper was distributed in the buildings according to their surface and occupation, since the inventory
data was for the total of the university, without further breakdown. Regarding the rest of the waste
fractions generated at the university, currently, a pilot plan for the waste selective collection has started.
However, although these selective collection plans for all waste fractions are being implemented, they
are still in process. Only the paper/carton fraction has a detailed tracking, which allows the design and
implementation of strategies aimed at prevention and recycling. Since data of the rest of the fractions
are not yet available, they were not considered in this study.
Construction, maintenance, and end of life of buildings were not taken into account. Consequently,
construction materials were not included. In addition, it was assumed that the environmental impact
of buildings was negligible compared to the environmental impact of the use stage.
3. Results and Discussion
The normalized (expressed as a function of the FU) total consumption of PE and the total GWP
resulting from the consideration of all the buildings of the university are represented in Figure 3. The
total PE consumed during the use of the buildings was 5.6 MJ/m2·person and generated 0.13 kg of CO2
eq/m2·person.
The highest total monthly consumption of PE throughout the year corresponded, as observed
in Figure 4, to the winter months, varying between 0.53–0.74 MJ/m2·person. In these months, more
resources were required, both to heat the buildings and to illuminate them because the days are shorter
and there are few hours of natural light. During the summer months, less energy was consumed,
reducing up to 60.8%, due to the fact that the teaching activities are suspended. Nevertheless, there
was still significant consumption due to the presence of researchers, management and maintenance
staff, custodians or security personnel, as well as the activities in common areas, such as libraries or
certain classrooms, so electricity consumption was maintained, both in air conditioning equipment
and in the lighting of the spaces used.
Water consumption followed a more regular trend throughout the year, without relevant differences
between winter and summer, while paper registered higher use at the beginning of the semesters and
during the exams. The months when PE consumption was lower corresponded to the summer months,
ranging between 0.29–0.36 MJ/m2·person.
Equivalent to the consumption of PE, Figure 5 shows the GWP attributable to the buildings in
each month. The GWP exhibited a similar trend to the results obtained for PE. The largest emissions
Appl. Sci. 2020, 10, 7123 10 of 16
corresponded to the winter months with values ranging from 0.012 to 0.015 kg CO2 eq/m2·person, while
in summer, the values were reduced and fell in the range between 0.008–0.010 kg CO2 eq/m2·person.Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 17 
 
Figure 3. Material and energy flow of the system under study. 
The highest total monthly consumption of PE throughout the year corresponded, as observed in 
Figure 4, to the winter months, varying between 0.53–0.74 MJ/m2·person. In these months, more 
resources were required, both to heat the buildings and to illuminate them because the days are 
shorter and there are few hours of natural light. During the summer months, less energy was 
consumed, reducing up to 60.8%, due to the fact that the teaching activities are suspended. 
Nevertheless, there was still significant consumption due to the presence of researchers, management 
and maintenance staff, custodians or security personnel, as well as the activities in common areas, 
such as libraries or certain classrooms, so electricity consumption was maintained, both in air 
conditioning equipment and in the lighting of the spaces used. 
 
Figure 4. Total primary energy (PE) and global warming potential (GWP) of the buildings analyzed. 
Water consumption followed a more regular trend throughout the year, without relevant 
differences between winter and summer, while paper registered higher use at the beginning of the 
semesters and during the exams. The months when PE consumption was lower corresponded to the 
summer months, ranging between 0.29–0.36 MJ/m2·person. 
Equivalent to the consumption of PE, Figure 5 shows the GWP attributable to the buildings in 
each month. The GWP exhibited a similar trend to the results obtained for PE. The largest emissions 
corresponded to the winter months with values ranging from 0.012 to 0.015 kg CO2 eq/m2·person, 











































Figure 3. Material and energy flow of the system under study.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 17 
 
Figure 3. Material and energy flow of the system under study. 
The highest total monthly consumption of PE throughout the year corresponded, as observed in 
Figure 4, to the winter months, varying between 0.53–0.74 MJ/m2·person. In these months, more 
resources were required, both to heat the buildings and to illuminate them because the days are 
shorter and there are few hours of natural light. During the summer months, less energy was 
consumed, reducing up to 60.8%, due to the fact that the teaching activities are suspended. 
Nevertheless, there was still significant consumption due to the presence of researchers, management 
and maintenance staff, custodians or security personnel, as well as the activities in common areas, 
such as libraries or certain classrooms, so electricity consumption was maintained, both in air 
conditioning equipment and in the lighting of the spaces used. 
 
Figure 4. Total primary energy (PE) and global warming potential (GWP) of the buildings analyzed. 
Water consumption followed a more regular trend throughout the year, without relevant 
differences between winter and summer, while paper registered higher use at the beginning of the 
semesters and during the exams. The months when PE consumption was lower corresponded to the 
summer months, ranging between 0.29–0.36 MJ/m2·person. 
Equivalent to the consumption of PE, Figure 5 shows the GWP attributable to the buildings in 
each month. The GWP exhibited a similar trend to the results obtained for PE. The largest emissions 
corresponded to the winter months with v lues ranging from 0.012 to 0.015 kg CO2 eq/m2·person, 











































Figure 4. Total primary energy (PE) and global warming potential (G P) of the buildings analyzed.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 17 
 
Figure 5. Breakdown of the total primary energy (PE) throughout the year. 
To determine the contribution of the different resources, the values of the total PE consumed 
were broken down to show the performance of electricity, natural gas, water, and paper, as observed 
in Figure 6. It can be observed that the highest value of PE was related to electricity consumption, 
which represents the value of 3.7 MJ/m2·person. However, the detailed analysis of the breakdown 
revealed the importance of taking into consideration the consumption of water and paper, since water 
contribution was 11.8% (0.67 MJ/m2·person) and even higher in the case of paper, with 22.8% (1.29 
MJ/m2·person). The contribution of natural gas was minimal, representing only below 0.2%. 
 
Figure 6. Breakdown of the total global warming potential (GWP) throughout the year. 
Once the relevance of the energy requirements due to water and paper, which have not been 
considered traditionally for energy certification of buildings, further analysis was applied. Since 
water and paper involved production and treatment processes (they appeared as inputs and outputs 
of the system simultaneously), Figure 7 depicts the PE values corresponding to both production and 
treatment stages of water and paper. The results highlighted a great difference between both 
resources. While the consumption of PE needed to supply water to the buildings was minimal, the 
treatment phase required much more PE. This result can be explained by the characteristics of a 
wastewater treatment plant when compared to a potabilization plant since the latter requires less 
mechanical and chemical processes to attain the objective [40–43]. In the case of paper, the results 















































Figure 5. Breakdow f the total p imary energy (PE) throughout he year.
Appl. Sci. 2020, 10, 7123 11 of 16
To determine the contribution of the different resources, the values of the total PE consumed
were broken down to show the performance of electricity, natural gas, water, and paper, as observed
in Figure 6. It can be observed that the highest value of PE was related to electricity consumption,
which represents the value of 3.7 MJ/m2·person. However, the detailed analysis of the breakdown
revealed the importance of taking into consideration the consumption of water and paper, since water
contribution was 11.8% (0.67 MJ/m2·person) and even higher in the case of paper, with 22.8% (1.29
MJ/m2·person). The contribution of natural gas was minimal, representing only below 0.2%.
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Figure 6. Breakdown of the total global warming potential (GWP) throughout the year.
Once the relevance of the energy requirements due to water and paper, which have not been
considered traditionally for energy certification of buildings, further analysis was applied. Since water
and paper involved production and treatment processes (they appeared as inputs and outputs of
the system simultaneously), Figure 7 depicts the PE values corresponding to both production and
treatment stages of water and paper. The results highlighted a great difference between both resources.
While the consumption of PE needed to supply water to the buildings was minimal, the treatment
phase required much more PE. This result can be explained by the characteristics of a wastewater
treatment plant when compared to a potabilization plant since the latter requires less mechanical and
chemical processes to attain the objective [40–43]. In the case of paper, the results showed the opposite
trend: the manufacturing stage clearly consumed much more PE than the recycling treatment. The
production of paper requires wood as raw material. The wood fibers have to be separated to remove
impurities. They are cut, washed, whitened with chemical substances, macerated, pressed, and dried,
processes that require a great deployment of machinery and energy consumption [44,45].
In a similar way, the breakdown of the GWP attributable to each resource can be observed in
Figure 8. Once again, electricity production was clearly the main contributor (76.7%). In Spain,
around 40–45% of the electricity is produced in thermoelectric plants that consume fuels fossils, such
as coal, oil, or natural gas, around 15% comes from nuclear power plants, and only 35–40% of the
electricity is obtained from renewable energies, such as hydroelectric, wind and photovoltaic [46].
Once again, the natural gas contribution to GWP could be considered neglectable, with a value below
0.3%. Regarding water and paper, the joint contribution to GWP was 23.0%, but in this case, the relative
contribution of the paper (7.7%) was just half of the value corresponding to water (15.3%), when for
PE, the opposite situation occurred. Once again, the GWP contribution due to natural gas could be
considered neglectable, with a value below 0.3%. Equivalent to the PE situation, the breakdown of the
production and treatment stages demonstrated the relevance of the wastewater treatment process and
the paper manufacturing as the critical stages for GWP (Figure S1 in Supplementary Material).
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Figure 8. Contribution of the water and paper production and treatment tasks to the total primary
energy (PE).
Lastly, the results of the consumed PE (Figure 9) and the consequent GWP for the different
buildings were collected (Figure 10), so that a final comparison was made among them. The PE values
ranged from 0.17 to 1.49 MJ/m2·person for Law and Sciences buildings, respectively. On the one
hand, the two buildings with the highest PE values, Sciences (1.49 MJ/m2·person) and Mines (1.35
MJ/m2·person), were characterized by a lower number of users than the others. Therefore, additional
to the fact that these buildings were the smallest, they presented a large surface area in relation to
each user, thus increasing the normalized PE consumption. On the other hand, the Law building
was the one with the lowest energy consumption because, in addition to being a very large building
(high surface) with many students, it does not have research laboratories, and, therefore, avoided the
significant consumption attributable to the research spaces in other buildings (as is the case for the
Sciences building with a high presence of laboratories). The GWP values of the building followed the
same trend identified for the PE consumption with values from 0.004 (Law) to 0.037 (Sciences) kg CO2
eq/m2·person.
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Figure 10. Contribution of the different buildings: (a) total primary energy (PE); (b) global warming
potential (G P).
4. Conclusions
This work introduced an innovative methodology that facilitates decision-making to achieve
an improvement in the efficiency of buildings through a new form of certification based on LCA
ethodology, taking into accou t a holistic p int f view. The approach takes into account the
energy consumption and the related emissions corresponding to the use and maintenance phase of
a building, assuring the minim m requirements f r user comfort and satisfactory service provision.
The development and implementation of this new methodology involved a broader approach to the
environmental problems that buildings cause, introducing a new evaluation framework that define
an overall energy/environmental performance metric. This evaluation model intends to be useful
for encouraging and promoting environmental sustainability, specifically during the use stage of
buildings. In addition, the demonstrated usefulness to coordinate its development and implementation
with other environmental management tools must be considered remarkable. The calculation of
environmental impacts in the form of PE and GWP categories allowed the identification of opportunities
for improvement, failures, and deficiencies in the building system, as well as facilitating the definition
of priorities and a hierarchy of action for investment in environmental control.
From the results obtained as a consequence of the application of the proposed methodology to
the case of a university, it can be concluded that the consumption of water and consumable elements
(paper in this case study) can be important from an energy and environmental point of view, and,
therefore, should be considered for a more precise energy certification than the ones derived from
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current practical regulations, which neglect these resources. Moreover, the results pointed to the need
to undertake an expansion of these studies to include weighting mechanisms and different indicators
to consider regional conditions, since the specific impacts associated with water consumption can
significantly interfere with the results of the certifications.
There are some limitations of the study, common to a large number of institutions that must be
overcome for the application of the proposed model. Specifically, the technical difficulties in collecting
data and applying strategies in a university model of decentralized resource management, both in
different sub-campus and in different buildings, implies the adoption of different hypotheses. To
overcome this obstacle, a centralized consumption and resource management system is necessary,
which allows the decision-making process to think globally and perform locally.
Finally, the proposed methodology could be adapted and applied to buildings with different
uses, including residential buildings, offices, or commercial, public buildings. Additionally, further
future developments to consider are the inclusion in the model of social, economic, and environmental
metrics to expand the replicability of the model in different fields of application.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7123/s1,
Table S1: Life cycle inventory of the Faculty of Science (Sciences), Table S2: Life cycle inventory of the Faculty of
Law and Economics (Law), Table S3: Life cycle inventory of the School of Industrial Engineering (Industrial),
Table S4: Life cycle inventory of the Interdisciplinary building (Inter), Table S5: Life cycle inventory of the Faculty
of Medicine (Medicine), Table S6: Life cycle assessment of School of Mines Engineering (Mines), Figure S1:
Contribution of the water and paper production and treatment tasks to the total global warming potential (GWP).
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